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Abstract
We propose a new type of Z polarization asymmetry in bottom-Z production at LHC
that should be realistically measurable and would provide the determination of the so-
called Ab parameter, whose available measured value still appears to be in disagreement
with the Standard Model prediction. This polarization can be measured independently
of a possible existence of Supersymmetry. If Supersymmetry is found, a second polar-
ization, i.e. the top longitudinal polarization in top-charged Higgs production, would
neatly identify the tanβ parameter. In this case, the value of Ab should be in agreement
with the Standard Model. If Supersymmetry does not exist, a residual disagreement of
Ab from the Standard Model prediction would be a clean signal of New Physics of “non
Supersymmetric” origin.
1. Introduction
The polarized bottom-Z forward-backward asymmetry has been defined several years ago [1],
and considered to be the best way of measuring, in a theoretical SM approach, a combination
of the polarized bottom-Z couplings. The definition of this quantity was chosen as
Ab,polFB =
(σe−L bF
− σe−RbF )− (σe−L bB − σe−RbB)
σe−L bF
+ σe−RbF
+ σe−L bB
+ σe−RbB
, (1)
where bF,B indicates forward and backward outgoing bottom quarks respectively (a polarization
degree of the incoming beam = 1 is for simplicity assumed). At the Z peak one may easily
verify that
Ab,polFB =
3
4
g2Lb − g2Rb
g2Lb + g
2
Rb
, (2)
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where gL,Rb are the couplings of a left and right handed bottom to the Z. Calling
Ab =
g2Lb − g2Rb
g2Lb + g
2
Rb
, (3)
one finds that
Ab,polFB =
3
4
Ab. (4)
The quantity Ab appears also in an unpolarized transition from an electron-positron to a b− b¯
pair. One finds in that case that the unpolarized forward-backward b asymmetry at the Z peak
can be written as
AbFB =
3
4
AeAb , (5)
where Ae is the longitudinal electron polarization asymmetry [2]
Ae =
g2Le − g2Re
g2Le + g
2
Re
(6)
and equations (5) (6) can be extended to a different final quark antiquark couple ff¯ , giving
AfFB =
3
4
AeAf , (7)
where Af is the analogue of Ab eq (3) with f replacing b. The direct measurement of Ab, that
requires the use of initially longitudinally polarized electrons, was performed at SLAC [3, 4],
and the result was found to be in good agreement with the Standard Model prediction, that
is [5]
ASM, thb = 0.93464
+0.00004
−0.00007 .
Later, LEP1 performed a number of unpolarized measurements at the Z peak from which the
value of Ab was derived. This was obtained from eq. (7) and found to be in severe disagreement,
at the 3σ level, with the SM prediction [6]. This result was in a certain sense unexpected,
because the relative decay rate of the Z into bottom pairs R(b) = Γ(Z → bb¯)/Γ(Z → hadrons)
provided a value
Rb ' g2Lb + g2Rb (8)
in perfect agreement with the SM prediction [6]. Accepting the LEP1 result for Ab, a search
started of possible new physics models that might have cured the disagreement. In particular, it
was concluded that a conventional MSSM was unable to save the situation [7]. This conclusion
remained problematic, since no extra measurements of Ab were eventually performed, and the
emerging picture seems definitely unclear. In addition to the previous statements, a new feature
has now appeared. In a very recent important paper [8], a SM calculation of sin2 θeff,bW and Rb
has been redone including higher order previously neglected effects. The result is that the SM
theoretical prediction for Ab and Rb are now different [5], in the sense that the disagreement of
Ab has been slightly (∼ 2.5σ) reduced, while a new disagreement (∼ 2.4σ) for Rb has appeared.
Certainly, a new measurement of Ab and Rb would therefore represent an undoubtedly relevant
improvement of our understanding. In this paper, we discuss the possibility of a measurement
of Ab.
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Figure 1: Leading Order Feynmann diagrams for the process bg ↔ bll¯
In a recent paper [10], we have defined a certain polarization asymmetry Apol,bZ to be mea-
sured in bottom-Z production at LHC, and shown that this would represent a possibility of
measuring the Ab quantity. From a theoretical point of view, this asymmetry exhibits the
remarkable properties of being QCD scale and PDF set choice independent, which would repre-
sent a quite remarkable feature. From the realistic experimental point of view, this asymmetry
should be derived from the experimental determination of the so called polarization fractions
(see for example [9] and references therein) of the Z boson in bZ associated production, known
to be affected by intrinsically large systematic uncertainties. The aim of this paper is that
of proposing an alternative quantity, proportional to Ab, measurable in the same process of
bottom-Z production at LHC, that would be experimentally clean being eventually limited in
precision only by statistical uncertainties. This will be done in the following Section 2 of the
paper. In Section 3, the possible relevance of the measurement of another polarization asymme-
try, the top longitudinal polarization in top-charged Higgs production, will be discussed in the
case of a SUSY discovery. The importance of a measurement of the Z polarization in bottom-Z
production with or without Supersymmetry will be finally discussed in Section 4.
2. Helicity amplitudes and AbFB
The process of associated production of a single b-quark and a Z boson with its subsequent
decay into a lepton-antilepton pair, represented in Figure 1, is defined at parton level by
subprocesses bg → bll¯ involving two Born diagrams with bottom quark exchange in the s-
channel and in the u-channel. The interaction vertexes involved in the diagrams of Figure 1 are
defined as follows
gqq : igs/
(
λkc
2
)
Zff : −ieγµ[gLZfPL + gRZfPR] ≡ −ieγµ[gjZfPj]. (9)
Therefore, the Born invariant amplitude is given by
ABorn(bg → bZ → bll¯) = 4piαgs
(
λkc
2
)
u¯(b′) [γµ{gjZbPj}
(q/+mb)
s−m2b
/
+
/(q′/+mb)γµ
u−m2b
{gjZbPj} ] u(b) DZ(p2Z) u¯(l) γµ{gjZlPj} v(l¯), (10)
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where , λkc are the gluon polarization vector and colour matrix, pl + pl¯ ≡ pZ , DZ(p2Z) is the
usual Z effective propagator, q = pb + pg = pZ + p
′
b, s = q
2, q′ = p′b − pg = pb − pZ , u = q′2 and
with the kinematic decompositions in the center of mass frame (all fermion massless)
pb = (p; 0, 0, p) , p
′
b = (p1; 0, p1 sin θ1, p1 cos θ1)
1, (11)
pg = (p; 0, 0,−p) , (12)
pl = (p2; p2 sin θ2 sinφ2, p2 sin θ2 cosφ2, p2 cos θ2) , (13)
pl¯ = (p3; p3 sin θ3 sinφ3, p3 sin θ3 cosφ3, p3 cos θ3) , (14)
(g) =
(
0;
λg√
2
,− i√
2
, 0
)
, (15)
where the set of variables pi, θi, φi is underconstrained for clarity of notation; a more appro-
priate set of variables that fullfill pb + pg = p
′
b + pl + pl¯ is found rotating the three momenta
of the leptons in a new ‘helicity’ frame, in which the polar axis is the direction of b′ and the
azimuthal angle is measured from the normal to the production plane (i.e. the one spanned by
the colliding and decaying bottom quarks momenta2). The rotation matrix between the two
coordinate systems is
Rθ1 =
1 0 00 cos θ1 − sin θ1
0 sin θ1 cos θ1
 , (16)
from which one can define the polar angles θl, θl¯ and the azimuthal angle φ
′
phfl = (p2; p2 sin θl sinφ
′, p2 sin θl cosφ′, p2 cos θl) ,
phf
l¯
= (p3;−p3 sin θl¯ sinφ′,−p3 sin θl¯ cosφ′, p3 cos θl¯) .
In this frame the coplanarity of the final particles is manifest through the dependence on the
same variable φ′ for both leptons. Energy conservation leads, in this frame and for massless
particles, to simple formulas for the energies of the final particles ({θl, θl¯}h ≡ {θl, θl¯}/2):
p1 = p
(
1− cot(θh
l¯
) cot(θhl )
)
, (17)
p2 = p cos(θ
h
l¯
) csc(θhl ) csc(θ
h
l¯
+ θhl ), (18)
p3 = p csc(θ
h
l¯
) cos(θhl ) csc(θ
h
l¯
+ θhl ) , (19)
which make manifest the (maximal) domain of integration
θl ∈ [0, pi], θl¯ ∈ [pi − θl, pi] .
1An additional azimuthal angle for b′ would manifest itself only through overall phase factors in the ampli-
tudes.
2The ambiguity coming from the orientation of the normal to the production plane will be canceled after
integration over the azimuthal angle in the definition of observable quantities.
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The introduction of this reference frame is motivated by the cleaner form the matrix elements
assume there. In the massless case, the helicity amplitudes can be expressed as
Mλbλg ; λb′λlλl¯ ≡ δλbλb′δλlλ¯l¯ Mλg ; λb′λl ,
where λf = ±12 ≡ ±, λg = ±1 ≡ ± and λi ≡ −λ¯i. Modulo a common factor
Mλg ; λb′λl ≡
(
DZ(p
2
Z) 16
√
2 piα gsλ
k
c
)
Fλg ; λb′λl ,
the non vanishing helicity amplitudes factors read:
F+++ = −i (gRZbgRZl)eiφ′
√
p1p2p3
p
cos θh
l¯
sin θhl
cos θh1
, (20)
F++− = i (gRZbg
L
Zl)e
iφ′
√
p1p2p3
p
cos θhl sin θ
h
l¯
cos θh1
, (21)
F−++ = i (gRZbg
R
Zl)e
−iφ′
√
p1p2p3
p
sin θhl
cos(θh
l¯
+θhl )
cos θhl
cos θh1
(
cos θh1 sin θ
h
l¯
− eiφ′ sin θh1 cos θhl¯
)2
, (22)
F−+− = −i (gRZbgLZl)e−iφ′
√
p1p2p3
p
sin θh
l¯
cos(θh
l¯
+θhl )
cos θh
l¯
cos θh1
(
cos θh1 sin θ
h
l + e
iφ′ sin θh1 cos θ
h
l
)2
, (23)
while the other four can be derived by these by parity conjugation, that in our conventions is
represented by complex conjugation together with the switch gLZf ↔ gRZf . As an example
F−−− = i (gLZbg
L
Zl)e
−iφ′
√
p1p2p3
p
cos θh
l¯
sin θhl
cos θh1
.
Note that formulas related by switch of the lepton helicities are related one to each other by
the replacements
(θl ↔ θl¯, φ′ → φ′ + pi) ≡ l↔ l¯ , (24)
gLZl ↔ gRZl . (25)
From these formulas one can build the total cross section by introducing the usual flux
factor and the convolution with the relevant partons density functions for the proton. For our
purposes it suffices to define the squared amplitude summed over the initial state helicities as
ρλb′λl ≡
∑
λg
|Mλg ; λb′λl |2
and to identify
ρ++ + ρ−− ≡
(
g2Lbg
2
Ll + g
2
Rbg
2
Rl
)
f(θhl , θ
h
l¯ , θ1, φ
′)
(one can check that actually in the sum in the RHS the couplings factorize out). The complete
unpolarized squared amplitude can now be simply written as
|M|2 = (g2Lbg2Ll + g2Rbg2Rl) f(θhl , θhl¯ , θ1, φ′) + (g2Lbg2Rl + g2Rbg2Ll) f¯(θhl , θhl¯ , θ1, φ′) (26)
≡ c+ f+f¯2 + c− f−f¯2 , (27)
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where f¯ ≡ f |l↔l¯ . In the last line (27), the two terms have definite symmetry properties under
l↔ l¯, with coefficients
c+ =
(
g2Lb + g
2
Rb
) (
g2Ll + g
2
Rl
)
,
c− =
(
g2Lb − g2Rb
) (
g2Ll − g2Rl
)
,
c−
c+
= AbAl .
This allows us to extract (c−) c+ simply measuring (anti) symmetrized combination of cross
sections in kinematic domains related one to each other under exchange of the two leptons
angles. The simplest choice in the CM frame is
D± ≡ θl ≷ θl¯ . (28)
To be more explicit, note that the condition θl ≷ θl¯ translates in the Z rest frame to the ex-
perimentally simpler condition of Forward/Backward lepton momentum respect to the bottom
momentum versor. This finally leads to the definition of Ab,LHCFB
Ab,LHCFB ≡
σ(DF )− σ(DB)
σ(DF ) + σ(DB) , (29)
where the reference axis is the b momentum in the Z rest frame. From (27) this quantity will
be proportional, modulo a kinematic factor k, to the LEP AbFB
Ab,LHCFB = k A
b
FB , (30)
where FB, as already emphasized, has different meaning in the two expressions.
A theoretical prediction of Ab,LHCFB (and, in particular, of the numerical value of the kinemat-
ical constant k) has to take into account several experimental issues, thus needing a realistic
simulation of the detector features, and in particular of its geometrical properties and of intrin-
sic cuts applied to the event reconstruction. In such a contest, kinematic cuts on transverse
momentum and pseudorapidity of the decaying particles introduce some subtleties in the deriva-
tion of a direct connection of Ab,LHCFB to the LEP asymmetry A
b
FB. To prove the validity of (30)
also in the presence of a realistic event selection, one can vary fictitiously gL,RZb in a wide range
of values, determining the corresponding values of Ab,LHCFB with usual kinematic cuts. Figure 2
shows the results of a simulation with 10 different choices of gL,RZb , including the SM one (for
the events simulation we have used CalcHEP [11] and checked good agreement with different
event generators). The particular choice of selection criteria closely follows the one used by
ATLAS for the Z-b-jets cross section analysis [12]. With these assumptions, the kinematical
constant k is found to be −0.37 at LO. Its QCD scale dependence has been inspected varying
simultaneously the renormalization and factorization scales and computing the corresponding
Ab,LHCFB values, Figure 3. Similarly the PDF set choice dependence is depicted in Figure 4.
The total theoretical uncertainty in both cases is at the 1 percent level. For a detector level
simulation one has to choose an appropriate procedure to measure the b-jet charge, that can
be achieved adapting the LEP procedure to the LHC case [13,14].
3. The top longitudinal polarization in top-charged Higgs production.
6
FB
bA
0.02 0.04 0.06 0.08 0.1 0.12
FBb,
LH
C
A
-0.045
-0.04
-0.035
-0.03
-0.025
-0.02
-0.015
-0.01
-0.005
 / ndf 2χ  10.73 / 9
Prob   0.2944
k         0.001712± -0.3731 
CTEQ6L1
 = 14 TeVs
Figure 2: Event level (i.e. without parton showering) dependence of the asymmetry defined
in the text on AbFB, in a ficticiously wide range of A
b
FB values, aiming to prove the exact
direct proportionality also in the presence of typical kinematic cuts [12] on decay products
pseudorapidities and transverse momenta. The uncertainty on k is only numerical (see below).
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Figure 3: Comparison between the LO µF = µR = kMZ scale variation dependencies of the
total cross section and our asymmetry.
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Figure 4: Comparison of different pdf set LO asymmetry predictions taking CTEQ6L1 as
reference.
The previous discussion about Ab is not dependent on the assumption of a supersymmetric
model of New Physics. In particular, there is no impact of SUSY on Ab if one assumes a heavy
enough charged Higgs and sbottoms/stops squarks which seems to be the case. If Supersymme-
try is found, a different asymmetry measurement becomes relevant at LHC, the top longitudinal
polarization asymmetry in top-charged Higgs production. This quantity has been exhaustively
discussed in a previous paper [15], where it was shown that its value would essentially mostly
depend on that of the MSSM tan β parameter, and would be almost rigorously QCD scale
and PDF choice independent. In particular, it was shown in Ref. [15] that varying tan β from
approximately one to approximately ten, the value of the asymmetry changes sign, making
an experimental determination effective even in the presence of a realistic experimental and
theoretical error. For larger tan β values, on the contrary, the asymmetry remains essentially
constant and provides a minor but still relevant information, and we defer to Ref. [15] for more
details. The relevance of the considered asymmetry appears to us to have been enormously
increased by the latest results on the Higgs boson mass derived at LHC [16,17]. If one wants to
retain a MSSM scheme, the residual range of the Supersymmetric parameters has been greatly
reduced. In particular the allowed values of tan β lie exactly in our “optimal” range, roughly
from one to ten, with a mass of the charged Higgs in the 300 − 600 GeV range. Indeed, ac-
cording to a recent analysis [18], while the best fit MSSM point derived from the latest LHC
Higgs data gives MH+ ≈ 600 GeV and tan β ≈ 1, data are still in a good agreement with
low tan β values and MH+ values down to 300 GeV (the reason being that the χ
2 is relatively
flat). The variation of the top polarization asymmetry with tan β in scenarios of this kind is
shown in Fig. 5. In our calculation, we have used the previous results of Ref. [19] and have
remained essentially limited to an effective Born approximation. The Figure shows the top
polarization asymmetry for three different choices of the Higgs mass: the center of mass energy
is
√
s = 7 TeV and, following [19, 20], the factorization scale µF is set to 1/6(MH± + mt) to
minimize the QCD corrections. The value of the bottom mass in the Yukawa coupling tbH± is
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Figure 5: Top polarization asymmetry in tH± associated production as a function of tan β with
tree different assumptions on the charged Higgs mass.
evaluated in the MS-scheme at the factorization scale.
The main conclusion of our analysis is that a determination of tan β in the residual range
would not request an “extremely” precise experimental measurement. This is a consequence of
the fact that a jump from a positive value of approximately twenty percent to the same value
of opposite sign would not escape a “reasonable” determination.
4. Ab indications if Supersymmetry is not found at LHC.
Coming back to the bottom Z process, assuming that Supersymmetry is found, the pro-
posed determination of Ab from Z polarization becomes now extremely relevant, given the fact
that Supersymmetry would be unable to explain a discrepancy with the available Standard
Model result. But this asymmetry could also play a fundamental role in the case of a negative
Supersymmetric search at LHC. In particular we shall consider two opposite cases:
A) The Ab value is in disagreement with the Standard Model prediction. This result would
completely eliminate Supersymmetry, even at a more powerful proton-proton CERN col-
lider, but would necessarily indicate the presence of New Physics of non Supersymmetric
nature, like that discussed in some recent papers (see e.g. [21] and references therein).
B) The Ab value is in agreement with the Standard Model prediction. This would leave an
“open door” for very heavy Supersymmetry, to be searched at a future more powerful
CERN collider, or also exclude effects at LHC due to a large class of considered New
Physics models [21].
The conclusion that we personally think can be derived from our paper is that, in full gen-
erality, a measurement of the Z polarization and top longitudinal asymmetries, which could be
9
performed at LHC under reasonably expected experimental conditions, is, to use a mild defini-
tion, “worth”. We are ready and willing to collaborate with possibly interested experimental
teams to make this project fulfilled.
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